A major development in research on brown adipose tissue in recent years is the recognition that the tissue plays an important role in whole-body energetics and the regulation of energy balance, in addition to its established role in thermoregulatory heat production. This new view on the function of brown adipose tissue stems from the clear demonstration by Foster & Frydman (1978 , 1979 that the tissue is the main site of thermoregulatory nonshivering thermogenesis in adult cold-adapted rodents (rats). These results imply that for small rodents adapted to the cold a major part of the total-body energy flux is associated with brown adipose tissue. Indeed, it has been calculated that for mice housed at 4°C the total energy flux through brown adipose tissue alone is greater than the aggregated energy flux through all other tissues, under basal conditions (Trayhurn, 1986) .
Although the effects of extremes of environmental temperature in modulating energy flux and substrate utilization by brown adipose tissue are of considerable importance, from the perspective of nutritional energetics the main focus has been the extent to which variations in the thermogenic activity of the tissue are important to the regulation of body energy (fat) stores when temperature is not a variable. Particular attention has been given to assessing the thermogenic activity of brown adipose tissue in different types of animal obesity, and investigating the response of the tissue to thermal and dietary stimuli.
Methodological considerations
If alterations in thermogenesis in brown adipose tissue are to be convincingly linked to changes in energy balance in any particular circumstance, then energy balance measurements must be conducted in parallel with biochemical studies on brown fat. Alternatively, the energy balance framework needs to be firmly established before detailed biochemical studies are undertaken. This is particularly important when using voluntary overfeeding regimens such as the 'cafeteria diet'. Without energy balance measurements it cannot be assumed that animals are exhibiting diet-induced thermogenesis, given the variable effects of strain, age and other factors (see Rothwell & Stock, 1986) . Nor can it necessarily be assumed that the animals are significantly hyperphagic.
Abbreviation used: VMH, ventromedial hypothalamus.
The majority of the studies on brown adipose tissue in obese animals, and other studies linked to whole-body energetics, have used four basic measurements: tissue weight, protein content, cytochrome oxidase activity, and mitochondrial GDP binding. Tissue weight is effectively a reflection of the triacylglycerol content of brown adipose tissue, and in general this parallels the amount of lipid deposited in the major white adipose tissue depots. The binding of GDP to brown adipose tissue mitochondria is the most widely used index of the activity of the proton conductance pathway, the central mechanism for the generation of heat in brown fat (Nicholls & Locke, 1984) . Since GDP binding is expressed per unit of mitochondrial protein, it is necessary to have an index of mitochondrial mass in order to assess the total thermogenic activity of the whole tissue. This is usually obtained by measurements of cytochrome oxidase activity.
It should be noted that it is not yet clear what GDPbinding studies imply. Some reports suggest that binding is a measure of the amount of uncoupling protein (Rial & Nicholls, 1984; Nedergaard & Cannon, 1985) , and thus the capacity for thermogenesis, while others indicate that it is an index of the activity of the proton conductance pathway (Desautels et al., 1978; Ashwell et al., 1985) . Given this uncertainty it seem important that other, more direct, experimental approaches should be used in studying the thermogenic activity of brown adipose tissue in vitro.
A further methodological problem is the difficulty in quantitatively relating changes in cytochrome oxidase activity and measures of the activity of the proton conductance pathway in brown adipose tissue to whole-body energetics. This requires blood flow measurements, together with measurements of tissue oxygen consumption in vivo (Thurlby & Trayhurn, 1980; Rothwell & Stock, 1981) .
Thermogenesis in obese animals
The thermogenic activity of brown adipose tissue has been assessed in vitro in several different types of obese animal (for reviews see Trayhurn, 1984 Trayhurn, , 1986 HimmsHagen, 1985) . These include the obese (oblob) mouse, the fatty ( f a r a ) rat, the diabetic (dbldb) mouse, the gold thioglucose mouse, mice treated with corticosterone, and rats with lesions of the ventromedial hypothalamus (VMH). All are characterized by a hypertrophy of brown adipose tissue, resulting from the deposition of triacylglycerol, and by a decrease in the activity of the proton conductance pathway. A decrease in the activity of cytochrome oxidase is also evident, but this appears to reflect a long-term 'atrophy' of the tissue. Thus in both the 614th MEETING. OXFORD 231 oblob mouse and the fatty rat, for example, cytochrome oxidase activity is normal in the young mutant, but the activity declines relative to lean animals with age.
Studies on the oblob mouse, the dbldb mouse, the fatty rat, mice treated with corticosterone, and rats with VMH lesions have each shown that obesity can develop on a normal level of energy intake, and this is linked to a decrease in energy expenditure on thermogenesis in brown adipose tissue (see Trayhurn, 1984 Trayhurn, , 1986 HimmsHagen, 1985 ). An impairment in diet-induced thermogenesis in response to overfeeding is a feature of all obese animals studied. It is particularly apparent in genetically obese animals, where the development of hyperphagia as a secondary abnormality fails to produce any significant increase in the thermogenic activity of brown adipose tissue (see Trayhurn, 1986) . A marked defect in coldinduced thermogenesis is evident in oblob and dbldb mice, and in the mature fatty rat, but evidence from studies on the oblob mutant suggests that this relates initially to the development of insulin resistance in brown fat (see below).
Studies on obese mutants during the suckling period have demonstrated that decreased thermogenesis in brown adipose tissue occurs early in development, preceding the deposition of excess fat (Goodbody & Trayhurn, 1981 Bazin et al., 1984) . This is not due to any limitation in the amount of uncoupling protein, since the concentration of the protein is similar to that in lean siblings until well after weaning (Ashwell et al., 1985) .
Regulation of brown adipose tissue thermogenesis in obesity
The main factor regulating thermogenesis in brown adipose tissue is noradrenaline secreted by the sympathetic nervous system. Studies using noradrenaline turnover techniques have shown that the activity of the sympathetic system is low, under normal environmental conditions, in brown adipose tissue of the ob/ob mouse (Knehans & Romsos, 1982; Zaror-Behrens & HimmsHagen, 1983) , the fatty rat (York et al., 1985) and rats with lesions of the VMH (Vander Tuig et al., 1982) . In the case of the oblob mouse, sympathetic activity responds normally to either acute or chronic exposure to cold (Knehans & Romsos, 1983; Zaror-Behrens & HimmsHagen, 1983) , and the activity is decreased during the suckling period, before the development of obesity (Knehans & Romsos, 1983) . It is now generally considered that low sympathetic activity, and an impairment in the sympathetic response to dietary signals, is the main reason for the low levels of thermogenesis in brown adipose tissue of obese animals.
The dominant role of the sympathetic system in the regulation of the activity of brown adipose tissue has led to a restricted interest in other potential regulatory factors, particularly those that might directly effect brown adipose tissue rather than exert an indirect effect via the modulation of sympathetic activity. However, it is increasingly evident that corticosteroids have an important effect on brown adipose tissue. Adrenalectomy of the fatty rat (Holt et al., 1983) and the oblob mouse results in a rapid restoration of the thermogenic activity of brown adipose tissue, both GDP binding and cytochrome oxidase activity being normalized. Correspondingly, the administration of low doses of corticosterone to lean mice leads to a decrease in GDP binding and cytochrome oxidase activity (Galpin et al., 1983) . Both adrenalectomized obese mutants and the corticosteroid-treated lean mice show correlated changes in fat deposition. Studies on fatty rats and VMH-lesioned rats have suggested that corticosteroids act primarily by suppressing sympathetic activity (Fig. l) , and its responsivesness to dietary signals (Vander Tuig et al., 1984; York et al., 1985) . An additional direct effect on brown adipose tissue itself cannot be ruled out, however, since the tissue contains corticosteroid receptors (Feldman, 1978) .
Insulin is considered to have a stimulatory effect on sympathetic activity (Fig. I) , but it also has direct effects on brown adipose tissue, particularly in relation to lipogenesis (McCormack, 1982; McCormack et al., 1986) . During studies on developmental changes in lipogenesis we have observed a rapid and preferential occurrence of insulin resistance in brown adipose tissue of oblob mice (Mercer & Trayhurn, 1983) ; similar results have also been obtained with the dbldb mutant (P. Trayhurn & M. Wusteman, unpublished work). Subsequent studies on the oblob mouse have demonstrated that the development of insulin resistance in brown fat has important consequences for thermogenesis . At 4 weeks of age, before insulin resistance develops, the oblob mouse shows the normal increase in GDP binding on acute exposure to cold. However, by 5 weeks of age, when insulin resistance has developed in brown adipose tissue, the response to cold is greatly blunted . The reversal of insulin resistance by administering ciglitazone, an oral hypoglycaemic, leads to the complete restoration of the acute increase in GDP binding of oblob mice in the cold (Fig. 2) . Thus thermogenic responsiveness, at least with respect to a cold stimulus, is dependent on a normal tissue sensitivity to insulin.
The mechanism by which insulin directly affects thennogenesis in brown adipose tissue is likely to be through the provision of glucose. The tissue is now being viewed as an important site of glucose removal from the plasma (Cooney & Newsholme, 1984 days with ciglitazone, an oral hypoglycaemic, which was administered in the diet (1 g/kg). Mice were housed at 22"C, and half of each group were exposed to 4°C for 1 h. Brown adipose tissue was removed, mitochondria prepared, and GDP binding measured as described previously (Goodbody & Trayhurn, 1981) . The results are presented as the mean increase in the level of GDP bound on cold exposure for each group. There were six to eight animals in each group.
and studies with 2-deoxyglucose indicate that the development of insulin resistance in brown fat of oblob mice. leads to a marked fall in glucose uptake . Acute exposure to cold results in a preferential channelling of glucose to brown adipose tissue in lean mice, but in insulin resistant oblob mice cold does not lead to any increase in glucose uptake ). There appears, therefore, to be a requirement for glucose by brown adipose tissue during acute exposure to cold, either because it is an important substrate for thermogenesis (McCormack, 1982) , or because it may be needed for maximal tricarboxylic acid cycle activity as a result of the depletion of oxaloacetate during the rapid oxidation of fatty acids (Cannon & Nedergaard, 1979) . In either case, the insulin sensitivity of brown fat is emerging as a key factor in thermogenesis, and perhaps in the partitioning of substrates between storage and expenditure.
Other conditions of altered energy balance
Although obesity has been the main interest of studies investigating the quantitative importance of variations in thermogenesis in brown adipose tissue to whole-body energetics, other, more physiological, conditions have recently been explored. These include pregnancy, lactation and fasting/refeeding. Studies on pregnant rats and mice have indicated that there is little change in the thermogenic activity of brown adipose tissue until towards the end of gestation, when the level of GDP binding is reduced (Trayhurn & Richard, 1985) . In contrast, in the golden hamster a decrease in cytochrome oxidase activity is evident by day 4 of pregnancy, and by the end of gestation the activity is substantially lower than in unmated animals (Wade et al., 1986) .
Brown adipose tissue thermogenesis is strongly suppressed in lactating mice, rats and golden hamsters Isler et al., 1984; Trayhurn & Richard, 1985; Wade el al., 1986) , and this leads to a major decrease in the non-lactational component of maternal energy expenditure. Thermogenesis is also greatly decreased in fasted animals (rats and mice), and this is due to a major atrophy of brown fat (Rothwell et al., 1984; Desautels, 1985) . Other factors which lead to alterations in the activity of brown adipose tissue include photoperiod, which has been shown to have substantial effects on thermogenesis and 'seasonal obesity' in both the golden and the Siberian hamster (see Wade & Bartness, 1985) .
Up until a few years ago, the regulation of energy balance and body composition in mammals was thought to depend almost entirely on appetite control, but it now appears that controls operate on both food intake and energy expenditure. The value of adaptive reductions in energy expenditure during food restriction and starvation are well-known, but the importance and magnitude of adapthe increases in response to overfeeding have been realized only recently. Advances in this area have depended mainly on the introduction of a novel method for inducing voluntary hyperphagia in laboratory rodents and, at the same time, recognition of a hitherto unsuspected role for brown adipose tissue thermogenesis.
Hyperphagia and diet-induced thermogenesis
One of the biggest obstacles to research on overfeeding was the lack of a suitable method for increasing food intake in experimental animals. Most of those available affected other aspects of metabolism, with the inevitable complications of interpretation and defining causality. Examples of such methods include (i) surgical or chemical lesions of the ventromedial hypothalamus (VMH); (ii) insulin injections to induce chronic hypoglycaemia; (iii) force-feeding by gastric intubation. All of the above have marked effects on a variety of physiological and metabolic systems and, as will be seen later, two of these (VMH lesions and force-feeding) actually disrupt the adaptive thermogenic response to feeding.
We (Rothwell & Stock, 1979) decided to opt for an alternative system involving the presentation of a varied mixture of highly palatable human food items to induce voluntary hyperphagia in rats. This 'cafeteria' system of feeding results in increases in energy intake of up to 80% without any obvious stress to the animal. The hyperphagia is accompanied by large increases in energy expenditure, and in young rats this is sufficient to prevent any excess gain in body weight, fat or energy (Rothwell & Stock, 1982a,b; Rothwell et al., 1982) . These increases in heat production associated with overfeeding have been termed diet-induced thermogenesis, and this phenomenon has now been demonstrated in several other species (e.g. mouse, guinea pig, pig, dog and man).
In a recent survey (Rothwell & Stock, 1986 ) of cafeteria energy balance experiments, we found that out of 19 experiments from six different laboratories, only three reported a failure to detect diet-induced thermogenesis. These are of interest because two (Armitage et al., 1983; Rothwell & Stock, 1983) used old (> 180 days of age) rats which, together with other observations, illustrates the marked decline in thermogenic capacity and disposition to obesity in 'middle-aged' and older Abbreviation used: VMH, ventromedial hypothalamus.
animals. The other reported failure to detect diet-induced thermogenesis in cafeteria-fed rats (Barr & McCracken, 1984) involved housing the animals at thermoneutrality (29°C). It seems likely that elevations in heat production are inhibited under these conditions, and in a recent comparison between rats housed at 24°C and 29"C, we have confirmed this thermoregulatory inhibition of the thermogenic response to hyperphagia (N. J. Rothwell & M. J. Stock, unpublished work) .
In the survey of cafeteria experiments described above, we found evidence that as much as 95% of the excess energy intake could be dissipated as heat. This response often involved nearly a two-fold increase in metabolic rate, which is approximately equivalent to the entire maintenance requirement of the animal (i.e. 40C500 kJ/ kg0.75 per day). Increases in heat production of this magnitude are rarely seen, except during extreme cold exposure or in hyperthyroidism, and it was one of these (cold exposure) situations which gave us the clue to the metabolic origins of diet-induced thermogenesis.
Brown adipose tissue and sympathetic activity
It was found (Rothwell & Stock, 1979 ) that the increases in heat production induced by hyperphagia closely resemble the non-shivering thermogenesis exhibited by cold-adapted rodents. The increases could be inhibited by B-adrenoreceptor antagonists, ganglionic blockade and hypoxia. The cafeteria-fed animals had increased thermogenic responses to noradrenaline injections, and subsequent work showed that there were marked increases in noradrenaline turnover (i.e. sympathetic activity) in brown adipose tissue (Young et al., 1982) , and that all of the increased thermogenic capacity of the cafeteria-fed rats could be accounted for by the increased oxygen consumption of brown fat, measured in vivo (Rothwell & Stock, 1981) .
These observations suggest that diet-induced thermogenesis, like non-shivering thermogenesis, involves increased sympathetic activation of brown fat heat production. Various other similarities support this conclusion (e.g. brown fat hypertrophy and hyperplasia, increased lipolytic responses, improved cold tolerance, etc.), but perhaps more convincing was the observation that increases in mitochondrial proton conductance in brown adipose tissue were common to both forms of thermogenesis (Brooks et al., 1980) . Since then, numerous measurements of mitochondrial GDP-binding capacity have confirmed this effect of cafeteria feeding on brown adipose tissue and more recently it has been shown that the increases in GDP binding are accompanied by parallel increases in the concentration of the 32 000 M , mitochondrial uncoupling protein (Ashwell et al., 1984) .
The sympathetic innervation of brown fat plays a dominant role in mediating the acute and chronic metabolic responses to cold and dietary stimuli. This can be demonstrated in a variety of ways, but one of the simplest and most elegant is to section the sympathetic nerves supplying one lobe of the bilobular interscapular brown
